Introduction {#s1}
============

The demand for fresh produce is greater than ever due to the changing lifestyle of people in industrialized nations [@pone.0087970-Berger1]. In the United States alone, a 25% average increase in the per capita consumption of fresh produce was observed over the last two decades [@pone.0087970-Pollack1], [@pone.0087970-CDC1]. The consumption of raw produce has led to an increase in the number of reported illnesses due to contaminated produce [@pone.0087970-Sivapalasingam1]. It is estimated that food-borne diseases cost \$14.1 billion annually in the U.S. alone [@pone.0087970-Batz1]. Between 1970 and 1990, raw produce-related outbreaks in the U.S. increased from 0.7% to 6.0%. Viruses were responsible for 20% of food-borne illnesses in which the agent was identified, and parasites were responsible for an additional 16% of infections [@pone.0087970-Sivapalasingam1]. Bacteria, however, were responsible for roughly 60% of the outbreaks that occurred between 2008 and 2011 and *Salmonella enterica* alone accounted for more than half of these bacterial outbreaks [@pone.0087970-CDC1], [@pone.0087970-Sivapalasingam1]. Contaminated legume (alfalfa, clover, and bean) seedlings are frequently the cause of food-borne diseases from *Salmonella enterica* subsp. *enterica* (hereafter *S. enterica*) and *Escherichia coli* serovar O157:H7 (hereafter *E. coli* O157:H7) [@pone.0087970-Barak1], [@pone.0087970-MohleBoetani1].

Several factors have contributed to the increase in food-borne illness, one being an increase in contamination rates [@pone.0087970-Berger1]. Even though seeds are surface-decontaminated during sprout production, contamination can occur during the pre- or post-harvest phases. Post-harvest contamination can occur from errors in food handling during washing, storage, rinsing, cutting, processing, or consumption [@pone.0087970-Wachtel1]. Pathogenic bacteria such as *S. enterica* show a specific tropism towards cut surfaces and target cuts in leaves [@pone.0087970-Kroupitski1]. Mechanical damage can also distribute pathogenic bacteria on produce, leading to the contamination of edible parts. For example, melons left at room temperature can become contaminated when, upon cutting, bacterial pathogens present on the rind are transferred to the edible flesh [@pone.0087970-Ukuku1]. In addition to contamination during food handling, recent evidence suggests that pre-harvest contamination also occurs by seed infection and bacterial colonization prior to germination. This colonization may occur in the leaf, shoots, or root tissues [@pone.0087970-Deering1].

A wide spectrum of microbes colonizes the phyllosphere, and the degree of colonization is governed by the phenotype of the host plant, the water and phosphorus content of the leaf, the leaf thickness, and the quantity of bacterial growth inhibiting phenolics in the leaf [@pone.0087970-Yadav1]. Generally, the phyllosphere is considered a hostile environment for colonization by enteric bacteria due to the limited supply of water and nutrients and highly fluctuating environmental conditions [@pone.0087970-Cooley1], [@pone.0087970-Lindow1].

The enteric pathogens *S. enterica* and *E. coli* O157:H7 preferentially colonize root versus shoot tissues [@pone.0087970-Wachtel1], [@pone.0087970-Cooley1]. Root exudates are rich in metabolites, which play a role in attracting, selecting and feeding microbes in the rhizosphere [@pone.0087970-Riely1], [@pone.0087970-BrellesMario1]. The entry of microbes into the plant through cracks on the root surface is a common phenomenon [@pone.0087970-Dong1]. Cracks generally open at the point of emergence of lateral roots from the primary root, a region where these enteric bacteria are found in high doses. This region is also abundant in root exudates [@pone.0087970-Cooley1], [@pone.0087970-Dong1]. These root exudates contain carbon sources that enable the bacteria to proliferate in the rhizosphere and colonize the root surface [@pone.0087970-Klerks1], [@pone.0087970-Rediers1]. These carbon sources may be involved in the chemotaxic movement of bacterial cells towards the roots [@pone.0087970-Klerks1], [@pone.0087970-Pinton1]. Despite widespread occurrences of food-borne illness due to raw produce consumption, very little is known about the genetics governing the colonization of bacteria in the plant tissues. Whether this process is controlled at the host level and/or is governed by the pathogens remains controversial.

In the present work, we have selected *Medicago truncatula* (hereafter Medicago) as a model for studying the interactions with enteric bacteria *S. enterica* and *E. coli* O157:H7. This plant is closely related to alfalfa (*Medicago sativa*) and forms nitrogen-fixing associations with soil bacteria called rhizobia [@pone.0087970-Cook1]--[@pone.0087970-Thoquet1]. The annual habitat of Medicago, as well as its relatively short life cycle, its diploid and self-fertile nature with abundant natural variation, and its close phylogenetic relationship with many crop legumes, makes it an excellent model plant. Besides these natural attributes, various tools have been developed for this plant, including an efficient transformation system [@pone.0087970-BoissonDernier1], [@pone.0087970-Chabaud1], insertional mutagenesis [@pone.0087970-Tadege1], [@pone.0087970-Tadege2], RNA interference (RNAi) [@pone.0087970-Limpens1], virus-induced gene silencing (VIGS) [@pone.0087970-Constantin1], [@pone.0087970-Constantin2] and well-characterized cytogenetics [@pone.0087970-Kulikova1], [@pone.0087970-Kulikova2]. Recently, gene-rich regions of Medicago have been sequenced, enabling the prediction of 62,388 gene loci with 14,322 of these loci annotated as transposons [@pone.0087970-Young1]. The availability of these tools makes Medicago a unique system for studying the genetics of host plant infections.

Seedlings (e.g. alfalfa) are one source of salmonellosis [@pone.0087970-Barak1]. The cool and dry conditions used for the storage of alfalfa seeds provide an ambient environment for the survival of *S. enterica*. During the sprouting process, which lasts 4--12 days, a rapid increase in *S. enterica* populations can occur and probably does not decrease during subsequent refrigeration. From farm to table, many opportunities exist for the contamination of alfalfa seeds or seedlings. Although various approaches have been developed for the surface sterilization of seeds, none are foolproof [@pone.0087970-Weissinger1]--[@pone.0087970-Weissinger3]. This shortcoming is relevant considering that even relatively low levels of surviving pathogens (\<0.1 colony forming units (CFU)/g) can grow to densities in excess of 1×10^6^CFU/g only 48 hours into the sprouting process [@pone.0087970-Holliday1]. Additionally, enteric pathogens may colonize the internal tissues of the plant and escape surface sterilization [@pone.0087970-Dong1], [@pone.0087970-Franz1], [@pone.0087970-Tyler1]. Several groups have reported the penetration of enteric pathogens inside plant tissues. However, these findings remain controversial either because high doses of the initial inoculum were used or the method of inoculation used causes mechanical damage to the plants.

The present study was conducted with the goals of: (i) testing if and how the plant responds to human enteric pathogens at low inoculums levels and (ii) testing the similarities between these responses. Our results indicate that the enteric pathogens *S. enterica* and *E. coli* O157:H7 colonize the surface and internal tissues of plant roots even at very low inoculum doses. A gene expression analysis of roots inoculated with very low doses of *S. enterica* and *E. coli* O157:H7 strains revealed the differential expression of more than 200 probe sets with at least one third of these probe sets commonly up-regulated and one fourth commonly down-regulated in response to both enteric pathogens in plants. Taken together, these results indicate that plants recognize and respond to these enteric pathogens even at very low initial levels of inoculum and these responses were somewhat similar (25--30% similarity) in response to both of these enteric pathogens.

Materials and Methods {#s2}
=====================

Bacterial Serovars and Inoculum Preparation {#s2a}
-------------------------------------------

All strains used in this study contain a stably-maintained plasmid with a visible reporter (GFP or *Ds*RED) that is expressed both in culture and *in planta* ([Table S1](#pone.0087970.s003){ref-type="supplementary-material"}). Single colonies of the strains were isolated and cultured at 37°C for 16 hours in Luria-Bertani (LB) medium supplemented with kanamycin (50 ng/µl) for plasmid maintenance. Overnight cultures were centrifuged and resuspended in phosphate-buffered saline (PBS, pH 7.2). Because it is a common practice to use "cocktails" of serovars when studying human enteric pathogens in plant interactions [@pone.0087970-Zheng1], [@pone.0087970-Hao1], we prepared two different "cocktails" (one with 5 *S. enterica* serovars and one with 5 *E. coli* O157:H7 serovars; see [Table S1](#pone.0087970.s003){ref-type="supplementary-material"}) for inoculation, ranging from 2×10^9^ to 2×10^0^ CFU/plant.

Plasmid Construction and Stability {#s2b}
----------------------------------

The plasmid pKT-kan is a broad host-range, stable vector in which a 131-base pair *nptII* promoter fragment from Tn*5* is fused to the *gfp* gene of pPROBE-KT[@pone.0087970-Miller1]. The *S. enterica* and *E. coli* O157:H7 serovars ([Table S1](#pone.0087970.s003){ref-type="supplementary-material"}) were transformed by electroporation with pKT-kan.

Seed Sterilization, Germination, and Inoculation {#s2c}
------------------------------------------------

Medicago seeds were acid-scarified and surface-sterilized, plated on 1% agar supplemented with 1 µg/ml gibberellic acid (GA3), vernalized at 4°C for three days, and allowed to germinate overnight at room temperature. The germinated seedlings were placed in growth pouches (10 seedlings/pouch) containing 15 ml of nitrogen-free Fåhraeus medium as previously described [@pone.0087970-Catoira1]. The seedlings were allowed to grow for one day and were inoculated with 2 ml of cocktail (doses from 2×10^9^ to 2×10^0^ CFU/plant). The plants were grown under 24-hour light conditions at 25°C and were harvested 10 days post-inoculation.

Determination of the Microbial Population Inside the Root {#s2d}
---------------------------------------------------------

The protocol for surface sterilization was adapted from Dong *et al.* (2003). Briefly, ten days post inoculation, the seedlings were carefully removed from the growth pouches and immersed in 25 ml of surface sterilization solution (1× PBS, 1% bleach, 0.1% sodium dodecyl sulfate, 0.2% Tween 20). The seedlings in the surface sterilization solution were vortexed vigorously for 1 min followed by 5 washes with 25 ml of sterile water. The efficacy of the surface sterilization was determined by placing the sterilized roots on LB agar plates supplemented with kanamycin (50 ng/µl), followed by incubation at 37°C for 25 min. The roots were removed and the plates were incubated overnight at 37°C for 24 hours as previously described [@pone.0087970-Gandhi1]. The roots were crushed manually using a mortar and pestle for 1 min, following which the homogenates were resuspended in 1 ml of 1× PBS containing 20% glycerol, serially diluted in 10-fold increments, and plated on LB agar plates supplemented with kanamycin (50 ng/µl). The plates were incubated at 37°C for 24 hours to enumerate the microbial populations inside the surface sterilized roots. A minimum of 5 plants for each dilution were used to determine the microbial population in the internal tissues.

Fixation of Roots and Confocal Microscopy {#s2e}
-----------------------------------------

At least 5 seedlings per dilution were used for the fixation and subsequent observation under a ZeissSM 510 Meta scanning confocal laser microscope (SCLM). The roots were fixed in 4% paraformaldehyde solution for 15 min and washed three times with PIPES buffer (pH 7.2). The efficiency of fixation was determined by growing the fixed roots in liquid LB medium supplemented with kanamycin (50 ng/µl) for two days at 37°C. The fluorophores GFP and *Ds*RED were excited at 488 nm and 556 nm, respectively, in the SCLM. The GFP signal was received at 500--510 nm and that of *Ds*RED was received at 583 nm. The fluorescence and bright field images that were obtained were merged together to demarcate the cell boundaries.

Determination of Bacterial Growth in Fåhraeus Medium and Root Exudates {#s2f}
----------------------------------------------------------------------

A single colony of each of the bacterial serotypes was isolated to begin an overnight culture at 37°C. The *S. enterica* and *E. coli* O157:H7 cocktails were prepared by mixing equal proportions of their respective cultures. The growth of these cocktails was monitored spectrophotometrically at 600 nm using a Bioscreen analyzer at 25°C for 72 hours (Labsystems, Helsinki, Finland). As a control, growth in Luria-Bertani (LB) medium was monitored. To test the growth of these enteric pathogens in Medicago root exudates, acid-scarified and surface-sterilized seeds were grown in growth pouches with Fåhraeus medium for 2 weeks at 25°C. The pouches were watered with 5 ml of water once a week, and at the end of 2 weeks, the root exudates were collected and used for determining bacterial growth as mentioned before.

Gene Expression Analysis {#s2g}
------------------------

For gene expression analysis, each pouch (10 seedlings/pouch) was inoculated with 2×10^0^ CFU/plant of either the *S. enterica* or *E. coli* O157:H7 cocktail. Plants that were mock-inoculated with 1× PBS were used as controls. RNA was extracted from 4 plants (each from a different pouch) for the control (mock-inoculated) and *S. enterica* and *E. coli* O157:H7 cocktail-inoculated roots using the Qiagen® RNeasy plant mini kit (Chatsworth, CA, U.S.A.). The extracted RNA was quantified using a Thermo Scientific Nano Drop 1000 Spectrophotometer (Wilmington, DE, U.S.A), and 10 µg RNA was used for microarray analysis (4 biological replicates). The Affymetrix GeneChip® Medicago Genome Array (Affymetrix, Santa Clara, CA) was used for the expression analysis. The hybridization of the targets to the arrays, the washing of probe arrays, the staining and the scanning were performed according to the manufacturer's instructions (Affymetrix, Santa Clara, CA). The data were analyzed using the Empirical Bayes (EB) analysis method using R statistical analysis software to identify differentially-expressed genes in *S. enterica* and *E. coli* O157:H7 cocktail-inoculated roots [@pone.0087970-Edwards1]. The hierarchical log-normal expression model was used to calculate the posterior probability for each pattern at a 5% conditional false discovery rate to determine the appropriate threshold (cFD(~T~)). The critical threshold for the *S. enterica* and *E. coli* O157:H7 cocktail-inoculated roots were 0.94. AgriGO, a web-based platform, was used to perform the enrichment analysis of the differentially expressed transcripts [@pone.0087970-Du1].

Quantitative RT-PCR Analysis {#s2h}
----------------------------

Primers were designed in the intron--exon junction, to avoid genomic DNA contamination, and two internal controls, *ACTIN* and *EF1α*, were used ([Table S3](#pone.0087970.s005){ref-type="supplementary-material"}). Quantitative RT-PCR reactions were performed in triplicate (3 biological and 3 technical replicates) on a MyIQ PCR machine (Bio-Rad, Hercules, CA, U.S.A.) using the SYBR Advantage qPCR mix (Clontech, Palo Alto, CA, U.S.A.). Cycling conditions were 40 cycles at 95°C for 30 seconds and 59°C for 30 seconds. Data were analyzed using the GENEX program (Bio-Rad, Hercules, CA, U.S.A.). The specificity of the PCR amplification procedures was determined by melt curve (from 55°C to 95°C) analysis and by agarose gel electrophoresis. Expression levels of candidate genes were normalized using the average expression of two reference genes, *MtACTIN* and *MtEF1α* [@pone.0087970-Messinese1].

Results {#s3}
=======

Surface Colonization of Medicago Roots by the Enteric Bacteria *S. enterica* and *E. coli* O157:H7 {#s3a}
--------------------------------------------------------------------------------------------------

We selected CYG (Crecimiento y Germinación) seed germination pouches with liquid Fåhraeus medium for our study [@pone.0087970-Dong1], [@pone.0087970-BoissonDernier1], [@pone.0087970-Catoira1]. This method offers many practical advantages: a large number of plants can be handled simultaneously in a small space, the roots can be separated from the medium with no damage, and any contaminated material can be safely and easily disposed of ([Fig. S1](#pone.0087970.s001){ref-type="supplementary-material"}).

Germinated Medicago seeds grown in germination pouches were inoculated with cocktails (1×10^4^CFU/plant) of either *S. enterica* or *E. coli* O157:H7. All of the strains constitutively expressed either GFP or *Ds*RED [@pone.0087970-Barak1]. The inoculated roots were fixed for safe handling. An analysis using SCLM confirmed the colonization of Medicago root surfaces preferentially at the sites of lateral root emergence and root tips ([Fig. 1A and 1B](#pone-0087970-g001){ref-type="fig"}). These sites of lateral root emergence and the root tips are likely rich in nutrients due to the abundance of root exudates; this richness explains their colonization by enteric bacteria [@pone.0087970-Bais1]. In order to test the importance of root exudates in supporting the growth of *S. enterica* and *E. coli* O157:H7, the growth of these bacteria in Fåhraeus medium with or without Medicago root exudates was examined. *S. enterica* and *E. coli* O157:H7 showed substantial growth in root exudates, but no growth was observed in Fahräeus medium alone ([Fig. 1C and 1D](#pone-0087970-g001){ref-type="fig"}). Collectively, these results suggest that Medicago root exudates may play a role in supporting the growth of these enteric pathogens on the root surface [@pone.0087970-HernndezReyes1].

![Surface colonization of Medicago roots by cocktails of the enteric pathogens *S. enterica* and *E. coli* O157:H7 and their growth in root exudates.\
Confocal laser-scanning microscopic image of Medicago roots that were colonized with cocktails of *S. enterica* (A) or *E. coli* O157:H7 (B) containing GFP as the reporter. The plants were inoculated with 1×10^4^CFU/plant, and 10 days post-inoculation the roots were fixed with 4% paraformaldehyde and observed under the microscope. Scale bars represent 100 µm. (C) The growth of *S. enterica* and *E. coli* O157:H7 cocktails in Luria-Bertani (LB) and Fåhraeus medium at 25°C for 72 hours. The normal growth of these strains was observed in LB medium, whereas no growth was detected in Fåhraeus medium. (D) The growth of cocktails of *S. enterica* and *E. coli* O157:H7 in 2-week-old root exudates (RE) of Medicago. Both of these cocktails grew in the 2-week-old root exudates.](pone.0087970.g001){#pone-0087970-g001}

Internal Colonization of Medicago Roots by *S. enterica* and *E. coli* O157:H7 {#s3b}
------------------------------------------------------------------------------

Internal colonization of different plants by *S. enterica* and *E. coli* O157:H7 has been previously reported [@pone.0087970-Dong1], [@pone.0087970-Sharma1]. However, discrepancies exist in the literature, even when similar experimental conditions were used [@pone.0087970-Deering1]. Several factors, including plant type and age, bacterial strain and/or serovar, and mode of contamination, may contribute to this variability and influence the internalization of human enteric pathogens in plant tissues [@pone.0087970-Deering1]. To test whether internalization occurred in our experimental system, surface sterilization was conducted, followed by plate counting and SCLM observations. Surface sterilization and subsequent plate counts were used to quantify the number of bacteria inside of the plant tissues. The plants were inoculated with various doses of inoculum: 2×10^9^, 2×10^6^, 2×10^4^, 2×10^2^ and 2×10^0^ CFU/plant ([Fig. 2A and 2B](#pone-0087970-g002){ref-type="fig"}). Ten days post-inoculation, the roots of individual plants were used for plate counts. Both cocktails of enteric bacteria were found to colonize the internal tissues of Medicago roots, even when very low initial inoculum doses were used. An initial inoculum dose of 2×10^0^ CFU/plant was sufficient for colonization in the absence of any competing bacteria, suggesting that the internal contamination of crops can occur under the natural conditions of the food production system where the dose of enteric pathogens may be low. As expected, the higher the initial inoculum dose, the higher the rate of internalization. The internal colonization of Medicago by *E. coli* O157:H7 was consistently higher than that of *S. enterica* ([Figure 2A and 2B](#pone-0087970-g002){ref-type="fig"}). However, the exponential relationship between the inoculum dose and the internal colonization rates suggests that both of the enteric pathogens are exposed to unfavorable conditions within the plant tissues and possibly encounter defense reactions [@pone.0087970-Shirron1]--[@pone.0087970-Roy1]. Finally, at low inoculum doses, variability in the rate of colonization was observed between plants, even though all of the plants had the same genotype and were grown and inoculated under the exact same conditions. This variability indicates that unidentified environmental or physiological factors, along with the probability of contact with the bacteria, affect the colonization process at very low inoculum levels.

![Endophytic colonization of Medicago roots by enteric pathogens (*S. enterica* and *E. coli* O157:H7).\
Bacterial CFUs recovered from Medicago roots 10 days post-inoculation with cocktails of *S. enterica* (A) and *E. coli* O157:H7 (B). The mean value of 5 replicates is represented; error bars represent standard error of the mean. The CFU values were log~10~ transformed. (Note: 2 ml of inoculum was used.) (C--E) Longitudinal sections of Medicago roots inoculated with enteric pathogens at 1×10^4^cfu/plant. At 10 days post-inoculation, the roots were fixed with 4% paraformaldehyde, and sections were obtained using a Vibratome®. (C and E) Longitudinal sections of roots inoculated with the *S. enterica* cocktail. (C) Ep-Epidermis, OC-outer cortex, IC- inner cortex and Va-Vasculature. (D) Longitudinal section of roots inoculated with the *E. coli* O157:H7 cocktail. Note that both strains (*E. coli* O157:H7 expressing either *Ds*RED or GFP as the visible marker) colonize the same region. Scale bar represents 50 µm for C and 10 µm for D and 20 µm for E.](pone.0087970.g002){#pone-0087970-g002}

In order to confirm internalization and determine the sites of internal colonization at the tissue level, inoculated, surface sterilized and fixed roots were sectioned. Both enteric pathogens were found between epidermal cells, under the epidermal layer and throughout the outer cortex ([Fig. 2C](#pone-0087970-g002){ref-type="fig"}), mostly localized in the intercellular spaces ([Fig. 2C and 2D](#pone-0087970-g002){ref-type="fig"}). Interestingly, in multiple instances, some outer cortex cells were heavily colonized internally by *S. enterica* ([Fig. 2E](#pone-0087970-g002){ref-type="fig"}). These results indicate that both of the enteric pathogens *S. enterica* and *E. coli* O157:H7 are able to enter through the epidermal layer of Medicago roots and colonize the outer cortex very efficiently [@pone.0087970-Schikora1], [@pone.0087970-Schikora2].

Plant Genes Differentially Regulated during Infection {#s3c}
-----------------------------------------------------

In most studies of human enteric pathogen association with plants, the focus was primarily on the microbial partner, with less attention given to the plant responses [@pone.0087970-Klerks1], [@pone.0087970-Thilmony1]. While more recent studies have focused on the plant responses, some of them unfortunately used relatively high inoculum doses coupled with methods of inoculation that are likely to cause mechanical damage [@pone.0087970-Shirron1], [@pone.0087970-Schikora2]. However from these recent studies we have determined that *S. enterica* and *E. coli* O157:H7 elicit different responses depending on the plant genotype, thereby supporting the hypothesis that the host plant plays a role in regulating these interactions [@pone.0087970-Teplitski1], [@pone.0087970-Teplitski2].

In order to identify the plant genes that are regulated in response to relevant inocula of enteric bacteria, expression analyses were performed using GeneChip® Medicago genome Arrays (Affymetrix, Santa Clara, CA). In order to evaluate biologically-relevant conditions, the plants were inoculated with 2×10^0^ CFU/plant of *S. enterica* or *E. coli* O157:H7 cocktails and grown for 10 days in germination pouches. A total of 209 and 245 probe sets were differentially expressed (log 2-fold and above) in *E. coli* O157:H7- and *S. enterica*-inoculated plants, respectively. Among these differentially-expressed probe sets, 71 were commonly up-regulated and 12 were commonly down-regulated by both *E. coli* O157:H7 and *S. enterica.* The common regulation of an overlapping set of differentially expressed genes in Medicago indicates that the mechanism of plant invasion in part may be similar in these two human pathogens ([Fig. 3A](#pone-0087970-g003){ref-type="fig"}). A quantitative RT-PCR analysis was performed on individual plants to validate the microarray results. The expression levels for a putative kinase (Medtr2g036460, [Fig. 3B and 3C](#pone-0087970-g003){ref-type="fig"}) and two putative lipoxygenases (Medtr8g021750, [Fig. S2A and S2B](#pone.0087970.s002){ref-type="supplementary-material"}; Medtr8g021690, [Fig. S2C and S2D](#pone.0087970.s002){ref-type="supplementary-material"}) were monitored in plants inoculated with *S. enterica* or *E. coli* O157:H7. All of the probe sets showed differential expression (up-regulation) in the inoculated roots when compared to the un-inoculated control roots, thereby confirming the microarray data. Here again, variability within the same replicate between plants of the same genotype and which were inoculated under the same conditions was observed. This variability may be due to the use of a low inoculation dose and correlates with our plate count observations.

![Medicago Affymetrix GeneChip® probe sets differentially expressed in response to inoculation with cocktails of *S. enterica* and *E. coli* O157:H7 and validation of microarray analysis by quantitative RT-PCR.\
An expression analysis was performed using the Medicago Affymetrix GeneChip® Medicago genome array on 10-day post-inoculated roots inoculated with 2×10^0^ CFU/plant (A). The analysis of the microarray data using EB array statistics identified 187 and 168 probe sets that were up-regulated log 2-fold and 58 and 41 probe sets that were down-regulated when treated with *S. enterica* and *E. coli* O157, respectively. A total of 71 and 12 probe sets were commonly up-and down-regulated, respectively, in both treatments. An expression analysis of 10-day post-inoculated Medicago plants inoculated with 2×10^0^ CFU/plant of a cocktail of either *S. enterica* (B) or *E. coli* O157:H7 (C). The relative expression of kinase Medtr2g036460.1 in the plants inoculated with *S. enterica* (B) and *E. coli* O157:H7 (C). Error bars represent the standard error of the mean from three biological replicates, and \* indicates the significance at the 5% level with a *p* value of 0.03 and 0.04 for *S. enterica* and *E. coli* O157:H7 infection, respectively.](pone.0087970.g003){#pone-0087970-g003}

Strikingly, many genes that were identified in this microarray experiment seem to play a role in plant basal defenses. The differentially-expressed probe sets were classified using the MapMan platform to obtain an overview of the predicted gene functions related to the pathogen or biotic stress responses in Medicago. More than half of the genes that were related to pathogen defense were regulated similarly in response to *E. coli* O157:H7 and *S. enterica* ([Fig. 4A](#pone-0087970-g004){ref-type="fig"}). A total of 17 out of 83 probe sets showed common differential expression in *E. coli* O157:H7- and *S. enterica*-inoculated roots for genes that were predicted to be involved in biotic stress responses ([Table 1](#pone-0087970-t001){ref-type="table"} and [Table 2](#pone-0087970-t002){ref-type="table"}). Other probe sets that were related to biotic stress responses and that showed a significant differential expression but that were different between these enteric pathogens are listed in [Table S2A and S2B](#pone.0087970.s004){ref-type="supplementary-material"}.

![Overview of differentially-expressed probe sets involved in the biotic stress response to inoculation with enteric pathogens and Gene Ontology analysis of over- and under-represented functional groups in the differentially-expressed probe sets.\
Most of the differentially-expressed probe sets involved in response to inoculation with cocktails of *S. enterica* and *E. coli* O157:H7 play a role in signaling, secondary metabolites, hormone signaling, cell wall modifications, and pathogenesis-related (PR) proteins (A). Gene enrichment analysis using the AgriGO software platform indicates the functional categories over- and under-represented against the reference (B). (Note: the data for the enrichment analysis were normalized against the reference).](pone.0087970.g004){#pone-0087970-g004}

10.1371/journal.pone.0087970.t001

###### List of the probe sets related to the biotic stress response that were differentially expressed in both *E. coli* O157:H7- and *S. enterica*-inoculated plants.

![](pone.0087970.t001){#pone-0087970-t001-1}

  Probe set ID                              IMGAG Annotation                                                           Description                                             Log~2~ FC(*E. coli*O157:H7)   Log~2~ FC(*S. enterica*)
  -------------------------- ----------------------------------------------- ------------------------------------------------------------------------------------------------ ----------------------------- --------------------------
  **Secondary metabolism**                                                                                                                                                                                  
  mtr. 20438.1.s1_at          Medtr4g047310.1Medtr4g047310.2Medtr4g047310.3             O-methyltransferase 1 (OMT1/ATOMT1)(Phenylpropanoids/lignin biosynthesis)                          2.4                         3.2
  mtr.14428.1.s1_x\_at                       Medtr3g105280.1                                     Chalcone synthase (CHS/TT4/ATCHS)(flavonoids-chalcones)                                   2.4                         2.3
  mtr.14428.1.s1_at                          Medtr3g105280.1                                     Chalcone synthase (CHS/TT4/ATCHS)(flavonoids-chalcones)                                   2.3                         2.2
  mtr.20567.1.s1_at                          Medtr3g105290.1                                     Chalcone synthase (CHS/TT4/ATCHS)(flavonoids-chalcones)                                   2.9                         2.4
  mtr.42370.1.s1_s\_at        Medtr8g105350.1Medtr8g105350.2Medtr8g105360.2              Oxidoreductase 2OG-Fe(II) oxygenasefamily protein (flavonoids-flavonols)                          2.3                         2.1
  **PR proteins**                                                                                                                                                                                           
  mtr.34717.1.s1_at                          Medtr3g040700.1                                           Disease resistance-responsive family protein                                        2.5                         2.4
  **Peroxidase**                                                                                                                                                                                            
  mtr.40121.1.s1_at                           Ac234842_16.1                                         Peroxidase 22 (PER22/P22/PRXEA)/basic peroxidase E                                     3.1                         2.2
  mtr.42373.1.s1_at                          Medtr8g136930.1                                                    Peroxidase 40 (PER40/P40)                                                 −2.3                         −2.5
  mtr.18570.1.s1_at                          Medtr5g014310.1                                                    Peroxidase 20 (PER20/P20)                                                  2.1                         2.1
  **Signaling**                                                                                                                                                                                             
  mtr.9308.1.s1_at                           Medtr1g127100.1                            Putative photoassimilate-responsive protein(sugar and nutrient physiology)                         2.8                         2.0
  mtr.10454.1.s1_at                          Medtr7g111400.1                  Polygalacturonase inhibiting protein 1 (PGIP1)(leucine-rich repeat \[LRR\] XI receptor kinase)               2.1                         2.8

The functional categories are in bold. IMGAG Annotation: Gene model predicted by International Medicago Genome Annotation Group (IMGAG) associated with the Probe set ID. Log~2~ FC: Fold change expressed in Log~2~.

10.1371/journal.pone.0087970.t002

###### List of the probe sets related to the biotic stress response that were differentially expressed in both *E. coli* O157:H7- and *S. enterica*-inoculated plants.

![](pone.0087970.t002){#pone-0087970-t002-2}

  Probe set ID                   IMGAG Annotation                                             Description                                     Log~2~ FC (*E. coli*O157:H7)   Log~2~ FC(*S. enterica*)
  ---------------------- --------------------------------- --------------------------------------------------------------------------------- ------------------------------ --------------------------
  **Jasmonic Acid**                                                                                                                                                         
  mtr.50430.1.s1_at               Medtr8g021690.1                        LOX5 lipoxygenase(jasmonate synthesis - degradation)                             4.6                          6.3
  mtr.5628.1.s1_s\_at     Medtr8g021750.1 Medtr8g021750.2                LOX1 lipoxygenase(jasmonate synthesis - degradation)                             3.4                          3.9
  mtr.46863.1.s1_s\_at            Medtr8g021550.1                        LOX5 lipoxygenase(jasmonate synthesis - degradation)                             2.1                          2.4
  mtr.50426.1.s1_at       Medtr8g021750.1 Medtr8g021750.2                LOX1 lipoxygenase(jasmonate synthesis - degradation)                             3.9                          3.9
  **Ethylene**                                                                                                                                                              
  mtr.46283.1.s1_s\_at            Medtr2g088460.1           Putative 2-oxoglutarate-dependent dioxygenase(ethylene synthesis - degradation)               2.7                          2.2
  **Auxin**                                                                                                                                                                 
  mtr.12349.1.s1_at               Medtr7g140870.1                   Oxidoreductase (ATB2) (induced-regulated-responsive-activated)                        2.2                          2.7

The functional categories are in bold. IMGAG Annotation: Gene model predicted by International Medicago Genome Annotation Group (IMGAG) associated with the Probe set ID. Log~2~ FC: Fold change expressed in Log~2.~

A total of 185 out of 245 and 158 out of 209 differentially-expressed probe sets of *S. enterica-* and *E. coli* O157:H7-treated plants, respectively, were recognized by Gene Ontology (GO) analysis in the AgriGO platform, which contains 31,225 GO terms for Medicago. Among these recognized GO terms, 42 and 46 showed significant over- or under-representation at the false discovery rate of \<5% for *S. enterica* and *E. coli* O157:H7 treatments, respectively. The "response to stimuli" (GO: 0050896), "metabolic processes" (GO: 0008152), "catalytic activity" (GO: 0003824) and "regulation of cellular processes" (GO: 0050794) functional categories were significantly enriched among the differentially-expressed transcripts in both treatments, while the functional categories including "biological regulation" (GO: 0065007), "transport" (GO:0006810) and "regulation of cellular processes" (GO: 0050794) were significantly under-represented compared to the reference for both treatments ([Fig. 4B](#pone-0087970-g004){ref-type="fig"}).

Altogether, these results indicate that plants recognize *S. enterica* and *E. coli* O157:H7 with some degree of similarity, in even when inoculated at very low doses (2×10^0^ CFU/plant) and in the absence of mechanical damage.

Discussion {#s4}
==========

In recent decades, several studies have been performed to understand the mechanisms that govern plant colonization by human bacterial pathogens [@pone.0087970-Schikora3]. Most of these studies were performed with high doses of human bacterial pathogens [@pone.0087970-Dong1]. Additionally, in some of the previous reports, the plants were inoculated by mechanical techniques (e.g. infiltration) and in the presence of detergents (e.g. Silwet L-77 surfactant) that facilitate bacterial entry into plant tissues. Different reports indicate that seeds are the most likely contamination of seedlings [@pone.0087970-Fett1]. Although sprouting seeds represent very low-moisture foods, contaminated seeds still represent a safety concern, as it is well known that *S. enterica* can persist for extended periods of time in low-moisture foods. Under these conditions, a few pathogenic cells present on the seeds can multiply to potentially hazardous levels due to the favorable conditions of moisture, temperature and available nutrients during the subsequent germination and sprouting processes [@pone.0087970-Neetoo1]. Additionally, seed decontamination by chemical treatments (e.g. hypochlorite and hydrogen peroxide) can only reduce pathogen levels on seeds but cannot ensure complete elimination because pathogens colonize internal tissues which are not reached by chemical treatments. This is relevant considering that even relatively low levels of surviving pathogens (\<0.1 CFU/g) can grow to densities in excess of 1×10^6^CFU/g only 48 hours into the sprouting process [@pone.0087970-Holliday1]. Therefore, we performed our experiments with very low inoculum levels (2×10^0^ CFU/plant).

Several studies have reported endophytic colonization by enteric bacteria, but the environmental and physiological factors affecting bacterial entry are still unclear [@pone.0087970-Barak2]--[@pone.0087970-Warriner1]. Plants harbor a variety of microbes which may positively or negatively impact colonization by human enteric pathogens [@pone.0087970-Cooley2]. Higher populations of competing microbes in the community reduce the rate of colonization by enteric pathogens and vice versa. The attachment of enteric bacteria to plant surfaces seems to be a prerequisite for internal colonization [@pone.0087970-Schikora3]. Both *S. enterica* and *E. coli* O157:H7 attach to plant surfaces using cellulose and aggregative fimbriae [@pone.0087970-Barak3]--[@pone.0087970-Teplitski3]. Attachment using cellulose fibrils by enteric bacteria is similar to that of plant symbiotic and phytopathogenic bacteria [@pone.0087970-RodriguezNavarro1]. In the present work, the preferential colonization of enteric bacteria was found primarily in three regions ([Figure 1A and 1B](#pone-0087970-g001){ref-type="fig"}): (i) at the point of emergence of lateral roots, (ii) near the root cap and (iii) in the intercellular spaces. The roots secrete high amounts of exudates at both the point of the emergence of lateral roots and the root cap, thereby facilitating the survival of a wide range of microbes around this region [@pone.0087970-Chaintreuil1]. Furthermore, the mucilage in the intercellular regions may aid in the proliferation of bacterial cells, resulting in the preferential colonization of enteric bacteria [@pone.0087970-Chaintreuil1].

Bacteria may enter the roots through cracks at the sites of lateral root emergence. In the present study, plate count methods confirmed the internal colonization of Medicago roots by *S. enterica* and *E. coli* O157:H7 ([Figure 2A and 2B](#pone-0087970-g002){ref-type="fig"}). At low inoculum doses, significant variability in the rates of colonization was observed for both of these human enteric pathogens, even though the same plant genotype and identical growth and inoculation conditions were used for the study. One possible explanation for this variability is that the rate of colonization may be affected by factors such as the inherent vigor and resistance of the individual seed/seedling and the amount of lateral root formation per plant. These pathogens were able to enter through the epidermis and colonize the outer cortex region of the roots. These enteric pathogens might have used a damaged cell or have actively passed through the epidermis and colonized the outer cortex [@pone.0087970-Schikora2]. Interestingly, no colonization was observed in the inner cortical region, suggesting that the bacteria were not able to reach the vasculature and spread systemically. This lack of colonization may be due to the short time period (10 days) between the inoculation and sectioning. However, we wanted to use a time frame which mirrors the contamination of commercial legume seedlings. The majority of bacterial cells in the colonized outer cortex were found in the apoplastic space ([Figure 2C, 2D and 2E](#pone-0087970-g002){ref-type="fig"}). Here, these enteric pathogens may exploit the plant nutritionally by utilizing the polysaccharide components of the cell wall. Interestingly, certain cells in the outer cortex were highly colonized intracellularly by *S. enterica*. A similar colonization pattern was observed by Schikora *et al.* (2008), when studying *Salmonella enterica* serovar Typhimurium in the root hairs of *Arabidopsis thaliana*, by Dong *et al.* (2003), when studying different *S. enterica* serovars in alfalfa and Medicago roots, and by Kutter S, Hartmann A and Schmid M (2006), in barley roots inoculated by *S. enterica* and *Listeria*. Although it was not possible to assess the viability of these cells, it is possible that *Salmonella* may occasionally behave as a saprophyte or even a necrotrophic pathogen.

In order to identify the host genetic factors governing the internal colonization of plant tissues by enteric bacteria, a gene expression analysis was performed. A low inoculum dose was used (2×10^0^ CFU/plant) in order to mimic a biologically relevant exposure in a food production system. Although we used a very low initial inoculum dose of 2×10^0^ CFU/plant, it is likely that the bacterial population has grown in the root exudates ([Figure 1Cand 1D](#pone-0087970-g001){ref-type="fig"}) due to the time lag between the inoculation and sampling for microarray analyses. We found similar categories of genes (in terms of cell function) that are differentially expressed in response to inoculation with cocktails of both species of enteric pathogens, indicating that the infection of Medicago plants by *S. enterica* and *E. coli* O157:H7 may in part involve similar mechanisms ([Fig. 4A](#pone-0087970-g004){ref-type="fig"}). Approximately one third of the probe sets that are up-regulated in response to *S. enterica* are also up-regulated in response to *E. coli* O157:H7, and approximately one fourth of the probe sets that are down-regulated in response to *S. enterica* are also down-regulated in response to *E. coli* O157:H7. The similarity of responses to the "cocktails" of both of these enteric pathogens suggests that there were no serovar-dependent responses. As such, the use of 2×00 CFU/plant from the five serotype cocktail may not significantly impact the plant response. A gene enrichment analysis of both treatments yielded similar patterns, further suggesting that both of these enteric pathogens may follow similar modes of infection ([Fig. 4B](#pone-0087970-g004){ref-type="fig"}). Most of the genes that were differentially expressed in our study are associated with defense reactions, including pathogenesis-related (PR) proteins, peroxidases, cell wall modification components, protein kinases, and plant hormones. Because these transcriptional changes occur 10 days post-inoculation, they may very well represent the adaptive responses of the plants rather than basal defense mechanism.

PR proteins are important components of the plant defense mechanisms that are activated upon pathogen attack [@pone.0087970-Sels1]. At least three different PR proteins were up-regulated upon infection by *E. coli* O157:H7 and *S. enterica* ([Table 1](#pone-0087970-t001){ref-type="table"}, [Table 2](#pone-0087970-t002){ref-type="table"}, [Table S2A and S2B](#pone.0087970.s004){ref-type="supplementary-material"}). Peroxidases are also differentially-expressed in response to *E. coli* O157:H7 and *S. enterica*. Peroxidases 22 and 20 were up-regulated, whereas peroxidase 40 was down-regulated by both pathogens ([Table 1](#pone-0087970-t001){ref-type="table"} and [Table 2](#pone-0087970-t002){ref-type="table"}). At least three more putative peroxidases were up-regulated in response to *E. coli* O157:H7 infection ([Table S2B](#pone.0087970.s004){ref-type="supplementary-material"}). Modification of the cell wall is a common characteristic of the plant defense response [@pone.0087970-Cantu1]. Several genes associated with cell wall modification and secondary metabolisms were differentially expressed, with the majority showing up-regulation during infection ([Table 1](#pone-0087970-t001){ref-type="table"}, [Table 2](#pone-0087970-t002){ref-type="table"}, [Table S2A and S2B](#pone.0087970.s004){ref-type="supplementary-material"}). In *E. coli* O157:H7-infected roots, pectate lyase and expansin genes were up-regulated. Cellulose synthase-like, fasciclin-like arabinogalactan-protein, and putative pectin esterase are up-regulated in *S. enterica-*infected roots. Pectin esterase in particular is implicated in the modification of plant cell walls by altering the local pH.

Leucine-rich repeat receptor kinases, lectin protein kinase family proteins, and several members of the protein kinase family were up-regulated, while serine/threonine kinases and cysteine--rich receptor-like protein kinases were down-regulated during *E. coli* O157:H7 infection ([Table 1](#pone-0087970-t001){ref-type="table"}, [Table 2](#pone-0087970-t002){ref-type="table"}, and [Table S2B](#pone.0087970.s004){ref-type="supplementary-material"}). Infection by *S. enterica* led to the up-regulation of a wide array of kinases, including a leucine-rich repeat receptor kinase, a histidine phospho-transfer kinase and a putative wall-associated receptor kinase-like precursor ([Table S2A](#pone.0087970.s004){ref-type="supplementary-material"}). Among these kinases, wall-associated receptor kinase-like proteins have been implicated in cell elongation, plant development, and plant responses to pathogens [@pone.0087970-He1], [@pone.0087970-Verica1]. Differentially-expressed leucine-rich repeat receptor kinases may be candidates for MAMP recognition receptors [@pone.0087970-Thilmony1].

The plant defense response can be very broadly classified into salicylic acid-dependent (SA) and jasmonic acid (JA)/ethylene-dependent responses. SA-dependent pathways are generally activated in response to biotrophic pathogens whereas, JA-dependent pathways are generally implicated in wound responses and defense against herbivore attacks and necrotrophic pathogens. However, plant defense responses often involve a cross talk between the SA- and JA-dependent pathways that is often modulated by ethylene [@pone.0087970-Ballare1]. In this study, many genes in the JA and ethylene pathways were differentially regulated in response to *S. enterica* and *E. coli* O157:H7 ([Fig. 4A and 4B](#pone-0087970-g004){ref-type="fig"}). Lipoxygenases 1 and 5 (LOX1 and LOX5) were induced by both organisms. Another gene involved in the JA pathway, 12-oxophytodienoate reductase 2 (OPR2), was up-regulated in response to *S. enterica* [@pone.0087970-Turner1]. Zinc finger transcription factors and ethylene-responsive transcription factors (AP2/ERF family) were induced in both inoculations ([Table S2A and S2B](#pone.0087970.s004){ref-type="supplementary-material"}). Ethylene is an important component of the plant defense response to pathogens. In Medicago, the ethylene-insensitive mutant *sickle* was more heavily colonized by *S. enterica* serovar Typhimurium than were wild-type plants [@pone.0087970-Iniguez1]--[@pone.0087970-Zimmerli1]. Reciprocally, the rate of colonization was significantly lower in plants that were grown on a medium that was supplemented with an ethylene precursor (1-aminocyclopropane-1-carboxylic acid), demonstrating the inhibitory role of ethylene in endophytic colonization [@pone.0087970-Iniguez1]. At least 2 genes corresponding to ethylene synthesis and degradation in *E. coli* O157:H7-infected roots and 3 genes in *S. enterica*-infected roots were up-regulated (Table1, [Table 2](#pone-0087970-t002){ref-type="table"}, [Table S2A](#pone.0087970.s004){ref-type="supplementary-material"} and [Table S2B](#pone.0087970.s004){ref-type="supplementary-material"}). Interestingly, no probe set corresponding to SA-dependent pathways was regulated during infection by *E. coli* O157:H7 or *S. enterica*. Altogether, these results suggest that the JA and ethylene pathways are the main pathways regulated in Medicago in response to human enteric pathogens. The fact that we observed some cells heavily colonized intracellularly also suggests that *S. enterica* may behave as a saprophyte or as a necrotrophic pathogen.

These results strongly correlate with those from a previous study in *Arabidopsis thaliana* leaves [@pone.0087970-Schikora1]. In our study, the plants were not mechanically damaged by the germination pouch procedure and were inoculated with a low inoculum (2×10^0^ CFU/plant). A major difference with Schikora *et al.* (2008) is that they used *Arabidopsis thaliana* leaves, whereas we used Medicago roots. Leaves are known to be a hostile environment for bacteria, whereas roots, and especially legume roots, produce large amounts of root exudates that attract and feed microbial communities. Legume roots associate with nitrogen-fixing soil bacteria called rhizobia and may be fairly permissive for infection by other bacteria. This may explain why infections related to the consumption of legume seedlings are so frequent [@pone.0087970-MohleBoetani1]. Moreover, the fact that these human pathogens can enter through the epidermal layer and colonize the outer cortex explains why the current surface sterilization procedures cannot efficiently prevent these infections.

In the short term, the identification of plant genes that are regulated upon infection by low inoculum levels of *S. enterica* and *E. coli* O157:H7 may provide useful markers for the rapid and sensitive detection of crop contamination with human pathogens. In the long term, studies of plant responses to these bacteria may lead to the development of crops that are more resistant to colonization by human and plant pathogens at early infection stages. Our results suggest that a broad increase in resistance may also mount defenses against beneficial bacteria such as rhizobia. Although the rhizobium--legume interaction association is dispensable for plant growth, this symbiotic association is highly beneficial for agricultural sustainability [@pone.0087970-Vance1]. It will, therefore, be important to pursue efforts toward the identification or engineering of mechanisms allowing plants to specifically recognize bacterial human pathogens while maintaining associations with beneficial microbes.

Supporting Information {#s5}
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###### 

**Experimental systems used for studying interaction of human enteric pathogens** ***Salmonella enterica*** **and** ***E. coli*** **O157:H7 with Medicago.** Germinated Jemalong A17 seedlings were planted in growth pouches filled with modified Fahraeus medium (A and B). Seedlings were inoculated with enteric pathogens *Salmonella* and *E. coli* O157:H7 the next day. Individual plant was removed 10 days post-inoculation and tested for surface and internal colonization.

(TIF)

###### 

Click here for additional data file.

###### 

**Validation of Medicago Affymetrix GeneChip® probe sets differentially expressed in response to inoculation with** ***Salmonella enterica*** **and** ***E. coli*** **O157:H7 cocktails by Quantitative RT-PCR.** Expression analysis of 10 days post inoculation Medicago Jemalong A17 plants inoculated with 2 cfu/plant of either *Salmonella* (A and C) or *E. coli* O157:H7 (B and D) cocktail. Relative expression of lipooxygenases Medtr8g021750 and Medtr8g021690 in plants inoculated with *Salmonella* (A and C) and *E. coli* O157:H7 (B and D). Error bar represent the standard error of mean from three biological replicates.

(TIF)

###### 

Click here for additional data file.

###### 

**List of bacterial serovars used for this study and the corresponding markers in their plasmid.**

(DOCX)

###### 

Click here for additional data file.

###### 

**Probesets involved in biotic stress response with differential expression in** ***Salmonella enterica*** **and** ***E.coli*** **O157:H7 inoculated plants.** The functional categories are in bold. IMGAG Annotation: Gene model predicted by International Medicago Genome Annotation Group (IMGAG) associated with the Probe set ID. Fold Change: Fold change expressed in Log2. *A: Probesets involved in biotic stress response with differential expression in Salmonella enterica inoculated plants.* The functional categories are in bold. IMGAG Annotation: Gene model predicted by International Medicago Genome Annotation Group (IMGAG) associated with the Probe set ID. Fold Change: Fold change expressed in Log2. *B: Probesets involved in biotic stress response with differential expression in E.coli O157:H7 inoculated plants.* The functional categories are in bold. IMGAG Annotation: Gene model predicted by International Medicago Genome Annotation Group (IMGAG) associated with the Probe set ID. Fold Change: Fold change expressed in Log2.

(DOCX)

###### 

Click here for additional data file.

###### 

**List of primers used for Quantitative RT-PCR.**

(DOCX)

###### 

Click here for additional data file.
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